Variable regions of the glyS, infB and rplB genes usable as novel genetic markers for identification and phylogenetic purposes of genera belonging to the family Propionibacteriaceae 
INTRODUCTION
The genus Propionibacterium, recently divided into the genera Acidipropionibacterium, Cutibacterium, Propionibacterium and Pseudopropionibacterium, based on whole genomic analysis [1] , represents bacteria originating from spoiled vegetable and fruit juices, human and animal clinical samples, digestive tract of animals, human skin, human mouth and starter cultures for cheese production [2] [3] [4] [5] . Currently, the family Propionibacteriaceae represented by the above-mentioned genera encompasses 19 species and subspecies (www.bacterio.net/propionibacterium.html). This family is classified into the order Actinomycetales within the phylum Actinobacteria [6] and is known for its high genomic proportion of G+C.
These bacteria grow better under anaerobic conditions. However, they are also able to grow in the presence of oxygen. They utilize carbohydrates mainly via fermentative metabolism. Different patterns of carbohydrate degradation were observed in propionibacteria. Hexoses are utilized through the Embden-Meyerhof-Parnas pathway, similar to other bacteria exhibiting fermentative metabolism. Nevertheless, the pentose phosphate pathway was also observed in these bacteria. Dairy propionibacteria, often used as starter cultures in cheese production, are characteristic of propionic acid (also acetic acid and CO 2 ) production from lactate by the reduction of pyruvate [7] .
The species Acidipropionibacterium acidipropionici, Acidipropionibacterium jensenii, Acidipropionibacterium thoenii and Propionibacterium freudenreichii are industrially important as starter cultures in hard-cheese ripening, protective bio-preservatives and probiotics [8] . In connection with probiotic action, production of nutraceuticals and beneficial metabolites (short-chain fatty acids and conjugated fatty acids), bioactivity towards pathogens and anti-inflammatory properties have been mentioned [5, 9, 10] . Moreover, A. acidipropionici is considered as a candidate probiotic micro-organism in poultry [11, 12] . On the other hand, representatives of the Cutibacterium genus, often referred to as cutaneous propionibacteria, including the species Cutibacterium acnes, Cutibacterium avidum, Cutibacterium granulosum and 'Cutibacterium namnetense', are presented as a causative agent of human inflammatory diseases [13, 14] . Potential pathogenic effect was reported regarding Pseudopropionibacterium propionicum [15] .
Due to its application in food industry and the clinical significance of particular representatives of the family Propionibacteriaceae, efforts have been made to develop methods enabling their detailed classification and typing. In this respect, molecular genetic techniques focused on complete genomic characterization and sequencing of molecular markers represented by housekeeping and putative virulence genes play the most important roles. The multilocus sequence typing (MLST) technique based on seven (rpoB, adk, pf1637, recA, pf169, fumC and gtf) housekeeping genes was developed for distinction, genetic typing and analysis of phylogenetic relationships among P. freudenreichii strains [16] . Several different MLST approaches have been proposed for classification and typing of commensal, pathogenic or opportunistically pathogenic strains of C. acnes [17] [18] [19] [20] .
All previously published studies have been targeted at classification and genotyping of individual taxonomic groups/ units of the family Propionibacteriaceae. Therefore, we have attempted to design shared molecular markers potentially usable in classification, phylogeny and genotyping of the genera Acidipropionibacterium, Cutibacterium, Propionibacterium and Pseudopropionibacterium. This study deals with the application of variable fragments of the three housekeeping genes glyS (encoding the glycyl-tRNA synthetase playing an irreplaceable role in proteosynthesis), infB (encoding the translation initiation factor IF-2) and rplB (encoding the 50S ribosomal protein L2) for these purposes. The housekeeping genes have not been applied in propionibacteria as individual classification and phylogenetic markers yet. The genes meet the requirements on molecular markers because of the presence of single copies in the genomes of various bacterial phyla, their importance in metabolic processes, evolutionary stability, rare cases of horizontal transfer, sequence divergence among taxonomic units, relatively simple amplification using specific primers, achievement of alignments into open reading frames (ORFs) without indels and optimum substitution rates providing enough informative sites [21, 22] . Moreover, the housekeeping genes have not been applied in propionibacteria as individual classification and phylogenetic markers yet.
METHODS
Investigated bacterial strains, culture conditions and chromosomal DNA extraction Bacterial strains examined in the study are shown in Table 1 . Type strains were purchased from the DSMZ (German Collection of Microorganisms and Cell Cultures). Freezedried cultures were revived in the anaerobic (oxygen displaced by the mixture of gases: N 2 /CO 2 : 90/10 %) Propionibacterium medium (DSMZ medium no. 91) without agar consisting of (g l À1 ): tryptic digest casein peptone (10), yeast extract (5) and Na-lactate (10) or in anaerobic PYG medium (DSMZ medium no. 104). Strains were cultivated at 30 C for 72-96 h. Then, harvested (centrifugation of 1 ml culture at 8000 g for 7 min) bacterial cells were used for DNA extraction using the Genomic DNA Mini Kit (Blood/Cultured Cell; Geneaid Biotech) based on the manufacturer's protocol for Gram-positive bacteria. Concentration and quality of extracted DNA were checked via the NanoDrop One spectrophotometer (Thermo Fisher Scientific).
Most (nine) of the wild Propionibacteriaceae strains originated from emmental-type cheeses produced by different companies (Table S1 , available in the online version of this article). They were isolated from 1 g homogenized samples resuspended and serially diluted in the anaerobic (atmosphere ensured by the mixture of gases: N 2 /CO 2 : 90/10 %) yeast extract sodium lactate (YEL) broth [23] . The broth, supplemented with bacteriological agar (15 g l À1 ), was exploited for isolation of bacterial colonies after incubation at 30 C for 96 h. Anaerobic 3.5 l jars (Thermo Fisher Scientific) in the presence of an anaerobic incubation generation system (AnaeroGen, Oxoid) were employed for cultivation. Isolates were enriched in anaerobic YEL broth, whereby their chromosomal DNA was extracted as in the previous cases. Two strains were isolated from a human skin (skin scrub using a sterile cotton swab) and the crop of a laying hen (Table S1 ) using the same media and cultivation conditions, as described above. Bacterial isolates, as well as type strains, were stored in YEL broth at -80 C in the presence of 20 % glycerol (v/v).
Identification of wild Propiobacteriaceae strains using the 16S rRNA gene identity Chromosomal DNA at a concentration of 10-50 ng served as a template in the PCR amplification of the almostcomplete 16S rRNA gene using the 616V-630R primer pair [24] under PCR conditions previously reported [25] . All the PCR reactions (25 µl) performed in this study consisted of 1ÂPPP Master Mix (Top-Bio), 0.2 µM of each primer and template DNA at the above-mentioned range of concentration. The resulting amplicons were routinely checked using electrophoresis (125 V for 25 min) on 1.5 % agarose gel containing ethidium bromide (10 mg ml
À1
). Amplified fragments of the 16S rRNA gene were purified using the JETquick PCR Product Purification Spin Kit (Genomed) according to manufacturer's instructions. Based on DNA concentrations determined by the NanoDrop One spectrophotometer, well-prepared samples containing forward and reverse primers were sent for sequencing at Seqme company (Czech Republic). Almost-complete 16S rRNA genes were made using two sequences derived from forward and reverse primer in the BioEdit v7.2.6 program (www.mbio. ncsu.edu/BioEdit/page2.html) using the CLUSTAL_W algorithm. The identity of the isolates was detected after insertion of 16S rRNA gene sequences (1439 nucleotides in length) into the EzBioCloud database [26] .
PCR amplification of glyS, infB and rplB gene fragments using specific primers Primers defining a particular stretch within genes were designed on the basis of available gene sequences in complete genomes of seven strains classified into the family Propionibacteriaceae. The NCBI accession numbers and positions of the particular gene sequences in (genomic contigs) genomes of concrete strains are shown in Table S2 . Sequences of particular genes were aligned using the Geneious Alignment algorithm with an automatically determine direction in the Geneious version 7.1.7 program (Biomatters). Consensus sequences served as a tool for designing specific primers by the Primer3 application in the same software, as mentioned in our recently published paper [27] . Primers flanking the glyS, infB and rplB gene fragments of 681, 846 and 549 nucleotides in length are included in Table 2 . The gene fragments correspond to positions 3096871-3097551, 2452850-2453695 and 2080371-2080917 in the genome of Acidipropionibacterium acidipropionici strain CGMCC 1.2230 -labelled by the authors of the deposition as a type strain (NCBI accession number CP013126). The letters K, M, S and Y replacing specific nucleotides at particular primer positions are part of the table encompassing the IUPAC nucleotide codes (www.bioinformatics.org/sms/iupac.html). The specificity of the designed primers was then tested on all 24 bacterial strains (Table 1) under the most suitable PCR conditions determined by a gradient thermocycler (TProfessional Gradient 96 thermocycler, Biometra). Composition of PCR mixtures was the same as in the 16S rRNA gene amplification in wild strains. Amplification of expected gene regions was checked using a simple agarose (1.5 %) electrophoresis (115 V for 35 min). Amplicons were then purified and sequenced by Seqme as mentioned above for the 16S rRNA gene. The resulting sequences were automatically compiled from two samples derived from the forward and reverse primers in the Geneious version 7.1.7 software after alignment using the Geneious Alignment algorithm. In all cases, the gene identity was confirmed by inserting into the globally used gene database through the freely accessible BLAST system 
Calculation of gene parameters and characteristics
Sequences of 16S rRNA, glyS, infB and rplB genes (and concatenate of coding gene regions) obtained in this study and those retrieved from complete genomes (Table 1) were aligned using CLUSTAL_W multiple alignment in the Geneious version 7.1.7 software. Alignments without indels (insertions/deletions) served as input items for computation of gene parameters (percentages of mean sequence similarities, identical sites and CG contents, number of nucleotide differences and K-distances) and polymorphism characteristics (number of conserved, variable, parsimonious-informative, singleton sites, synonymous sites, non-synonymous sites, non-synonymous changes per non-synonymous site and synonymous changes per synonymous site) in the Geneious version 7.1.7, MEGA6 and DnaSP v5 software packages, as described in our recently released open access publication [27] .
Potential recombinant events were revealed among strains examined in the three gene alignments through the RDP, GENECONV, and Bootscan applications, which are parts of the software package RDP4 version 4.67 [28] .
Phylogenetic analyses
Phylogenetic reconstructions were performed using the alignments (and translated amino acid alignment based on three coding regions) created for the purpose of calculating gene parameters and characteristics in the MEGA6 software [29] . The maximum-likelihood (ML) estimation, generally recommended as the most appropriate for evaluation of evolutionary relationships [30] , was applied for tree reconstructions. The AIC best fit ML evolutionary models, determined in the MEGA6 software package, were employed for assessment of relationships among strains examined. The topological accuracy was tested by 1000 bootstrap replicates. The (in)congruence length difference statistical analysis among tree topologies based on partial glyS, infB and rplB gene sequences was realized in the MLSTest software package [31] . Concordance between the 16S rRNA gene phylogeny and phylogeny derived from the concatenate of three coding regions was assessed by the localised incongruence difference-Templeton analysis implemented in the same software package.
RESULTS AND DISCUSSION
Classification of wild Propiobacteriaceae strains based on 16S rRNA, glyS, infB and rplB gene comparative analysis The results of wild Propionibacteriaceae strain classification on the basis of gene identities towards type strains and their origin are shown in Table S1 . Using all comparative analyses, strains were classified as Propionibacterium freudenreichii subsp. freudenreichii (6 strains), Acidipropionibacterium jensenii (3), Acidipropionibacterium thoenii (1) and 'Cutibacterium namnetense' (1). Notably, all six strains of P. freudenreichii subsp. freudenreichii, originating from different emmental (Swiss-style) cheeses distributed by various manufacturers, were genetically identical. This fact could indicate that producers of emmental-type cheeses use the same strain as a cheese-ripening starter. Based on the MLST technique and core genome comparison, Dalmasso et al. [16] demonstrated a low level of nucleotide polymorphism among strains of P. freudenreichii.
Gene parameters and characteristics
The basic gene parameters calculated for all Propionibacteriaceae strains tested are listed in Table 3 . As expected, a higher distinctive effect among strains was revealed in the coding regions of the three genes and their concatenate compared with the 16S rRNA gene sequences. The pairwise identity in coding genes was in the range of 83.7-85.9 %, while the same parameter in the 16S rRNA gene reached 95.1 %. The lower values of identical sites, higher mean number of nucleotide differences and values of K-distances also indicate higher sequence variability in all fragments of the coding genes and their concatenate. The G+C contents in all genes tested was in the range of 57.2-68.7 %, the lowest in the case of 16S rRNA gene and the highest in the rplB gene region. These values confirm that propionibacteria (DNA G+C content 57-70 mol%) belong to the phylum Actinobacteria known by a high proportion of G+C in genomes [32] .
Computation of the gene characteristics and features among all strains examined are shown in Table 4 . A lower number of variables compared with conserved sites was observed in the coding gene fragments and their concatenate. The dN/ dS ratios for the three gene stretches were all less than 1, which is consistent with most of the variations being selectively neutral. This is a characteristic for most housekeeping genes that are subjected to purifying selection and slow evolution [33] . These results, together with the fact that recombinant events have not been detected between the sequences of the individual genes, suggest a suitable selection of specific genes applicable as classification and phylogenetic markers. It should be noted that desirable phylogenetic reconstructions are achieved only in cases where housekeeping genes are free of recombinant events or recombination occurs only rarely [21, 22] .
Phylogenetic analyses -fundamental findings
Results of phylogenetic reconstructions based on the 16S rRNA gene sequences (alignment with a length of 1293 nts), and the concatenate of glyS, infB and rplB gene regions (2073 nts) are presented in Figs 1 and 2 , respectively. Phylogeny revealing congruency node by node between the two phylogenetic trees is illustrated in Fig. 3 . The Propionibacterium (including taxa P. freudenreichii and P. cyclohexanicum), Cutibacterium (C. acnes, C. avidum, C. granulosum and C. namnetense) and Acidipropionibacterium (A. acidipropionici, A. jensenii, A. microaerophilum, A. olivae and A. thoenii) clusters were clearly defined in all phylogenetic reconstructions. This result is in line with the recent study of Scholz and Kilian [1] in which genera of 'classic propionibacteria' isolated mainly from dairy products (Propionibacterium, Acidipropionibacterium) and the skinassociated cutaneous propionibacteria (Cutibacterium) were Mean number of nucleotide differences 77.62
Concatenate

Length of gene fragment (nt) 2073
Mean sequence similarity (pairwise identity) (%) 84.7
Identical sites (%) 60.4
Cytosine + guanine (%) 65.4
Mean number of nucleotide differences 316.47
separated from the genus Propionibacterium through complete genomic analyses. In the 16S rRNA gene-derived phylogeny ( Fig. 1) , C. granulosum is positioned on a separated phylogenetic branch between the Cutibacterium and Acidipropionibacterium clusters and Pseudopropionibacterium propionicum is part of Cutibacterium cluster. This fact, along with the more accurate topology revealed in Fig. 2 based on bootstrapping values !50 % for all nodes, demonstrates a more precise definition of specific genera within the family Propionibacteriaceae using concatenation of the three housekeeping genes compared to 16S rRNA gene phylogeny. Moreover, longer phylogenetic branches and higher value of scale defining degree of substitution per nucleotide position in Fig. 2 indicate higher distinctive effect among concrete species, subspecies and strains. This is particularly evident in cases of A. jensenii and C. namnetense strains. All nodes in Fig. 3 were congruent (P>0.05) except for the node separating C. granulosum within the Cutibacterium cluster. Thus, the concatenate of the three gene regions can be involved in more precise classification, typing and phylogenetics of particular genera belonging to the family Propionibacteriaceae compared with the 16S rRNA gene, Table 4 . Computation of gene (and derived amino acid) characteristics and the AIC best fit maximum-likelihood models used for reconstruction of individual phylogenetic trees
The lengths of gene fragments compared are shown in Table 3 . C, number of conserved (invariable sites); VS, number of variable sites; PI, number of parsimonious-informative sites [containing at least two types of nucleotides (amino-acids) and at least two of them occur with a minimum frequency of two]; SVS, number of singleton variable sites (at least three sequences contain unambiguous nucleotides or amino-acids); SS, number of synonymous sites (substitution in the coding region that causes no amino acid changes); NSS, number of non-synonymous sites (substitution in the coding region that causes amino acid changes); dN, number of non-synonymous changes per non-synonymous site; dS, number of synonymous changes per synonymous site. Fig. 3 . Phylogenetic tree revealing concordance between the 16S rRNA and concatenated glyS+infB+rplB gene alignments of Propionibacteriaceae strains. It was reconstructed using the neighbour-joining localized incongruence difference-Templeton test analysis implemented in the MLSTest software package. Values at branching points refer to statistical probability (P<0.05) that at least one gene/alignment is incongruent with the tested node. Scale, difference in 50 nucleotides. Fig. 2 . Maximum-likelihood (ML) phylogenetic reconstruction revealing relationships among Propionibacteriaceae strains based on a concatenate of partial glyS, infB and rplB gene sequences. The AIC best fit ML evolutionary model mentioned in Table 4 was applied for the reconstruction. Bootstrap percentages from 1000 replicates !50 are given at nodes. Bar, substitutions per nucleotide position.
the main molecular (phylogenetic/evolutionary) chronometer in prokaryotes.
Phylogenies revealing evolutionary relationships among Propionibacteriaceae strains through partial sequences of glyS, infB and rplB genes are presented in Figs S1-S3. Phylogenetic reconstructions on the basis of amino acid sequences derived from the concatenate of glyS, infB and rplB gene sequences and illustrating congruency among glyS, infB and rplB gene regions are shown in Figs S4 and S5 , respectively. The topology of phylogenetic trees reconstructed on the basis of alignments of individual genes differs. Tree reconstruction based on infB gene sequences (Fig. S2) demonstrated the most accurate topology with regard to apparent differentiation of genera Propionibacterium, Acidipropionibacterium and Cutibacterium. Furthermore, Pseudopropionibacterium propionicum, representing another newly separated genus from the genus Propionibacterium [1] , is positioned on a separated branch between the Propionibacterium and Cutibacterium clusters. Clearly defined abovementioned clusters were also observed in Fig. S4 . Notably, almost all nodes in this tree had bootstrap values >90 %. It documents topological accuracy. All branching points in the Fig. S5 were in concordance (P!0.05). The result suggests that the concatenation of the three genes was correct from a phylogenetic point of view.
Conclusions
The results presented in the study obviously demonstrate the differentiation of three genera (Acidipropionibacterium, Cutibacterium and Propionibacterium) of the family Propionibacteriaceae, recently included in the common genus Propionibacterium, using regions of three housekeeping genes. These particular genes have never been exploited as shared molecular markers for propionibacterial genera. In fact, this study is the second (after complete genomic analysis) confirming paraphyletic and heterogenous phylogeny of propionibacteria, and the first applying carefully chosen individual housekeeping genes. Even though the amplification of the gene segments using the proposed primers was not successful in all strains (Table 1) , the obtained facts indicate that novel molecular markers can be used for precise classification and phylogenetic analyses of propionic acid bacteria applied as dairy starter cultures in cheese production and acting as human and animal pathogens or opportunistic pathogens. There are many papers dealing with the more-or-less proven probiotic properties of 'classic propionibacteria', especially in connection with production of several active molecules (e.g. propionic acid, B group vitamins, bacteriocins, essential enzymes, bifidogenic factors, etc.), adhesion capability, modulation of intestinal microbiota, modulation and stimulation of the immune system, and inhibition the growth of some Gram-positive and Gram-negative pathogens [34, 35] . The potential applications of these bacteria in the pharmaceutical or food industry must be based on precisely classified and defined strains. In the future, the novel genetic markers can contribute to the detailed classification and identification of selected strains showing probiotic properties. The potential usage of the novel genetic markers in taxonomy multilocus sequence analysis and MLST of classical or cutaneous propionibacteria is predicted.
